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S-Nitrosylation of cathepsin B affects autophagic flux and
accumulation of protein aggregates in neurodegenerative
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Protein S-nitrosylation is known to regulate enzymatic function. Here, we report that nitric oxide (NO)-related species can
contribute to Alzheimer's disease (AD) by S-nitrosylating the lysosomal protease cathepsin B (forming SNO-CTSB), thereby inhibiting
CTSB activity. This posttranslational modification inhibited autophagic flux, increased autolysosomal vesicles, and led to
accumulation of protein aggregates. CA-074Me, a CTSB chemical inhibitor, also inhibited autophagic flux and resulted in
accumulation of protein aggregates similar to the effect of SNO-CTSB. Inhibition of CTSB activity also induced caspase-dependent
neuronal apoptosis in mouse cerebrocortical cultures. To examine which cysteine residue(s) in CTSB are S-nitrosylated, we mutated
candidate cysteines and found that three cysteines were susceptible to S-nitrosylation. Finally, we observed an increase in SNO-
CTSB in both 5XFAD transgenic mouse and flash-frozen postmortem human AD brains. These results suggest that S-nitrosylation of
CTSB inhibits enzymatic activity, blocks autophagic flux, and thus contributes to AD pathogenesis.

Cell Death & Differentiation (2022) 29:2137-2150; https://doi.org/10.1038/541418-022-01004-0

INTRODUCTION

It is well known that inhibition of autophagic flux and the ubiquitin-
proteasome system (UPS) occurs in brains manifesting neurodegen-
erative diseases, contributing to the accumulation of abnormal
protein aggregates, including amyloid-B peptide (Af), phospho-tau,
a-synuclein, and mutant huntingtin, as found in Alzheimer’s disease
(AD), Parkinson’s disease (PD), and Huntington’s disease (HD),
respectively [1-7]. The UPS degrades normal proteins targeted for
disposal, while autophagy removes defective organelles, e.g., during
starvation [8, 9]. The UPS and autophagy are essential for protein
quality control. UPS activity often becomes inadequate in neurode-
generative diseases, leading to autophagy activation in an attempt to
remove abnormal proteins, especially aggregated forms [10, 11]. As
macroautophagy (hereafter termed autophagy) is initiated, an
isolated double-membrane structure called a phagophore forms,
and then elongates and engulfs a portion of the cytoplasm to form a
vesicle autophagosome (AP). The AP fuses with a lysosome to
produce an autolysosome (AL) in which acidic lysosomal proteases
digest the engulfed contents [9]. Autophagy is particularly important
to neuronal maintenance. Mice deficient in autophagy machinery
exhibit neuronal accumulation of aggregate-prone proteins and
neurodegeneration, demonstrating the critical role of autophagy in
neurons [12, 13]. Moreover, the lysosome has emerged as an
important organelle in neurodegenerative diseases. For example,
most lysosomal storage disorders (LSD) cause progressive

neurodegeneration. Although all cell types are affected by genetic
defects in LSD, neurons are particularly susceptible [14-16]. One
reason neurons appear to be so vulnerable to lysosomal dysfunction
may be explained by the fact that neurons cannot divide and thus
dilute out or eliminate accumulated waste [17].

Reactive nitrogen species (RNS) such as nitric oxide (NO) are
known to contribute to neurodegenerative diseases, including AD
and PD [18-22]. NO is a ubiquitous cellular messenger and
synthesized from L-arginine by a family of NO synthases (NOS).
The function of many proteins can be regulated by NO-related
species via S-nitrosylation of critical cysteine residues; one reaction
mechanism for this likely involves thiolate anion (RS) of a target
cysteine residue, as a nucleophile, performing a reversible
nucleophilic attack on a nitroso nitrogen to form an S-nitroso
(SNO)-protein adduct [23]. Under physiological conditions,
S-nitrosylation represents an important posttranslational modifi-
cation, in some ways akin to phosphorylation. In contrast, aberrant
S-nitrosylation reactions, engendered by excessive RNS, can
induce protein misfolding, mitochondrial fragmentation, synaptic
dysfunction, apoptosis, and autophagy inhibition [24-30]. In
autophagic processes, RNS have previously been shown to act
on the c-Jun N-terminal kinase 1 (JNK1)/Bcl-2/Beclin 1 and the IkB
kinase (IKK)/AMPK/mTORC cascades [31]. Inhibition of JNK1 by
RNS reduces Bcl-2 phosphorylation and subsequently increases
Bcl-2/Beclin 1 complex formation, resulting in attenuation in the
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initiation of autophagy. Additionally, RNS inhibit IKK, reduce AMPK
phosphorylation, and activate mTORC1 in sequential order, which
inhibits the initiation of autophagy. In fact, RNS have been
reported to impair the initiation of autophagy via inhibition of
JNK1 and IKK in models of neurodegenerative disorders [31].
Further linking autophagy to neurodegenerative diseases, several
pieces of evidence are accumulating that autophagic flux or
lysosomal function that are downstream from initiation are also
critical points of potential intervention to affect the autophagic
process [32, 33]. Therefore, in the present study, we investigated
the mechanistic role of RNS on autophagic flux and lysosomal
function.

MATERIALS AND METHODS

Cultures of mouse cerebrocortical neurons, H4 and HEK cells
Mouse cortical cultures were prepared from embryonic day 13-14 mice.
Dissociated cortical cells were plated onto poly-L-lysine (Sigma-Aldrich, St.
Louis, MO, USA) coated plates (SPL life sciences, Pocheon, South Korea),
ten hemispheres per 6-well plate, in plating medium [Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) with 20 mM glucose,
40 mM sodium bicarbonate, 2 mM glutamine, 5% fetal bovine serum (FBS),
and 5% horse serum (HS)] [34]. All experiments were performed at days
in vitro (DIV) 10-11. H4 glioma cells, H4 cells stably expressing GFP-LC3 (GL-
H4), H4 cells stably expressing RFP-GFP-LC3 (RGL-H4), and HEK cells stably
expressing neuronal NOS (nNOS-HEK) were maintained in growth medium
[DMEM (Gibco) with 4 mM glutamine, 10% FBS (Welgene, Gyeongsan,
South Korea), 100 unit/ml penicillin, and 100 pg/ml streptomycin
(Welgene)] at 37°C in a 5% CO, atmosphere. In the case of nNOS-HEK
cells, 250 pg/ml geneticin was treated to select nNOS-overexpressing cells.

DNA constructs and transient transfection

HEK293 cells were transfected at 70-80% confluence with mutant
huntingtin (mHtt)-GFP, a-synuclein (A53T)-GFP, tau(P301L)-GFP, ARi.4;-
GFP, wild-type (WT)-cathepsin B (CTSB), or mutant CTSB (C29A, C240A,
Cp42A, C29A/C240A, Cp42A/C29A, Cp42A/C240A, Cp42A/C29A/C240A)
DNA using a lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The
expression plasmid for pEGFP-C1-mHtt-GFP was a generous gift from Dr.
David C Rubinsztein (University of Cambridge, Cambridge, UK), and tau
(P301L)-GFP plasmid was obtained from Dr. Jung-Jin Hwang (University of
Ulsan College of Medicine, Seoul, South Korea). The pEGFP-C1-AB;.4;
plasmid was purchased from Addgene (Cambridge, MA, USA). CTSB point
mutation was performed using the QuikChange Lightning Site-Directed
Mutagenesis Kit, following the manufacturer’s instructions (Agilent
Technologies, Santa Clara, CA, USA).

Synthesis of S-nitrosocysteine (SNOC)

For the fresh 100 mM SNOC solution, 12.1 mg of L-cysteine (Sigma-Aldrich)
and 6.9 mg of sodium nitrite (Sigma-Aldrich) were introduced into 950 pl of
distilled water and incubated in the ice for 5 min. And then, 50 pl HCl was
added into the SNOC solution, used within 1 min. For the ‘old’-SNOC (o-
SNOC) solution, we used the same solution, but it was made at least 24 h
before the treatment [35].

Exposure to drugs

Before drug treatment, cortical neuronal cultures at DIV10-11 were washed
with serum-free medium [minimum essential medium (MEM, Gibco)] and
H4, GL-H4, or nNOS-HEK cells were washed with 1% FBS in MEM (low-
serum medium). We used 200 pM SNOC, 100 nM Rapamycin (Calbiochem,
San Diego, CA, USA), 100 nM Bafilomycin-A1 (Baf-A1, Enzo, Farmingdalem
NY, USA), 10 uM 4-bromo A-23187 (A23187; Invitrogen), 20 uyM CA074
methyl ester (CA-074Me, Calbiochem), 10 pM 7-nitroindazole (7-NI, Sigma-
Aldrich), 100 uM 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox, Merck Millipore, Burlington, MA, USA), 1 mg/ml cycloheximide
(CHX, Sigma-Aldrich), or 100 uM z-VAD-FMK (zVAD, MPbio, Solon, OH, USA).

Cell death assays

Cell death was detected by propidium iodide (Pl, Sigma-Aldrich) or
Hoechst-33258 staining. For Pl staining, 2.5pg/ml Pl dye was added
directly to the medium at 18 h after CA-074Me treatment. After 5 min later,
cultures were washed with fresh MEM to remove the excessive Pl dye.
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To evaluate apoptotic cell death, cultured neurons were stained with 2
pg/ml  Hoechst-33258 for 10min, and cells exhibiting condensed
chromatin nuclei were considered apoptotic cell death. Stained cells were
analyzed using a digital inverted fluorescence microscope (EVOS, Waltham,
MA, USA). We quantified lactate dehydrogenase (LDH) release into bathing
medium to monitor both necrosis and apoptosis (with subsequent
secondary necrosis and consequent LDH release), as we have previously
described after exposure to NO [36, 37].

Western blot assays

Cell lysates were prepared in RIPA lysis buffer (50 mM Tris; pH 7.5, 150 mM
NaCl, 1% NP-40, 0.5% Na-Doc, 0.1% SDS, 5 mM EDTA) with freshly prepared
protein protease and phosphatase inhibitor (2 ug/ml aprotinin, 1 ug/ml
leupeptin, 1 ug/ml pepstatin A, T mM phenyl-methylsulfonyl fluoride, 1 mM
NasVO,, 5 mM NaF and 10 mM Na4P,0-). Thirty micrograms of total protein
were separated by SDS-PAGE (10-15%) under reducing conditions and
immunoblotted with the appropriate antibody [anti-GFP (Santa Cruz
Biotechnologies, Dallas, TX, USA, sc-8334), anti-LC3 (Novus, NB100-2220),
anti-SQSTM1 (p62, Santa Cruz Biotechnologies, sc-28359), anti-caspase-3
(Cell Signaling Technology, Danvers, MA, USA, #9662), anti-cleaved
caspase-3 (Cell Signaling Technology, #9661), anti-tau (Cusabio, Houston,
TX, USA, CSB-PA004235), anti-p-tau S404 (Cusabio, CSB-PA963344), anti-p-
tau S214 (Signalway Antibody, Baltimore, MD, USA, #11109), or anti-actin
(Abbkine, Wuhan, China, A01011)].

For western blot of protein aggregates, cell lysates were prepared using
lysis buffer (50 mM Tris-HCl; pH7.5, 100 mM NaCl, 3 mM EDTA, 0.5% Triton
X-100) with freshly prepared protein protease and phosphatase inhibitor. A
total of thirty microgram protein was separated by SDS-PAGE (8-10%)
under reducing condition and immunoblotted with the appropriate
antibody [anti-GFP, anti-polyglutamine (Merck Millipore, MAB1574), anti-a-
synuclein (BD Bioscience, Franklin Lakes, NJ, USA, 610787), anti-Ap (6E10,
BioLegend, San Diego, CA, USA, 803001), or anti-actin (Abbkine, Wuhan,
China, A01011)]. Actin was used as a loading control. Normalized band
intensity was quantified using Image J software. For quantitative analysis of
SNO-CTSB, bands on the biotin-switch immunoblots were normalized
against corresponding input control bands, as previously described [38-40].
Full and uncropped western blots are shown in Supplementary Fig. 3.

Biotin-switch assays

The detection of S-nitrosylation modification in proteins was performed
with the biotin-switch assay [41]. In general, 500 pg of protein were used in
biotin-switch assays and separated by SDS-PAGE (12%). To detect protein
bands, we used their cognate antibodies [anti-CTSB (Cell Signaling
Technology, 317185S), anti-cathepsin L (CTSL; Abcam, Cambridge, UK,
ab6314), anti-cathepsin D (CTSD; Santa Cruz Biotechnologies, sc-10725), or
anti-V5 (Invitrogen, 46-1157)].

Fluorescence microscopy and confocal imaging

mHtt-GFP or a-synuclein (A53T)-GFP was transiently transfected into HEK
cells. After SNOC exposure or drug treatment, cells were fixed in 4%
paraformaldehyde at 4 °C for 15 min. Microscopic images were observed
under a fluorescence microscope (EVOS cell imaging system). For
guantification of mHtt-GFP puncta, the intensity of GFP fluorescence in
the microscopic field was measured using Image J software.

For the confocal images, GL-H4 or RGL-H4 cells were cultured on cover
glass (circle, 12 mm), and the fluorescence signal was observed under a
laser scanning microscope (Carl Zeiss, Baden-Wirrttemberg, Germany). For
quantification of autophagic vesicles, GFP-LC3, or RFP-GFP-LC3 dots were
counted from more than 30 cells in every experiment and repeated at least
three independent experiments.

Cathepsin enzymatic activity assays

Cell lysates were prepared in lysis buffer (400 mM sodium phosphate; pH
6.0, 75 mM NaCl, 4 mM EDTA, and 0.25% Triton X-100). Forty micrograms of
protein were used for the CTSB activity assay in reaction buffer (352 mM
potassium phosphate buffer; pH 6.0, 48 mM sodium phosphate, and 4 mM
EDTA). To detect the enzymatic activity of CTSB, the fluorescence signal
was measured using a fluorometer (Gemini EM, Molecular Devices, San
Jose, CA, USA) after cleavage of the specific substrate for CTSB, Z-RR-AMC
(Calbiochem) in 0.1% Brij 35 (Sigma-Aldrich) solution. We used the
Sensolyte®520 cathepsin D assay kit (Fluorimetric, Anaspec, Fremont, CA,
USA) to assess CTSD activity and the InnoZyme™ Cathepsin L activity kit
(Fluorogenic, Calbiochem) for detection of CTSL activity.

Cell Death & Differentiation (2022) 29:2137-2150
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Mouse and human AD patient brain samples

5XFAD female mice (B6SJL-Tg[APPSwFILon, PSEN1*M146L*L286V]6799Vas/
Mmjax) were obtained from Dr. Inhee Mook-Jung (Seoul National University,
Seoul, South Korea) and used for experiments at six-months of age. Age and
sex matched samples were randomly chosen and assigned to different
experimental groups. All animal experimental procedures were approved by

Cell Death & Differentiation (2022) 29:2137 -2150

the Animal Care and Use Committee of Sejong University and were conducted
following the guidelines of the Care and Use of Laboratory Animals. Human
brain samples were analyzed with institutional permission under the state of
California and NIH guidelines. Informed consent was obtained according to
procedures approved by Institutional Review Boards at the University of
California, San Diego, School of Medicine, and The Scripps Research Institute.
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Fig. 1 RNS suppresses autophagic flux. A Fluorescence confocal microscope image of GL-H4 (H4 glioma stably expressing GFP-LC3) cells 2 or
8 h after sham wash with low-serum medium (control, CTRL), or after exposure to S-nitrosocysteine (SNOC, 200 pM) or old SNOC (o-SNOC, 200
pM). Scale bar, 100 um. B Quantitative analysis of GFP-LC3 puncta observed at 2h or 8 h after exposure to CTRL, SNOC, or o-SNOC.
Quantification of mean number (left) and size (right) of GFP-LC3 puncta per cell (mean +SEM, n=10 different fields taken from >4
independent biological replicate experiments). ***p < 0.001 by ANOVA with Bonferroni correction for multiple comparisons. C Western blot
analysis for endogenous LC3 and p62 in GL-H4 cells. Protein samples were prepared at the indicated time points after exposure to sham wash
(CTRL), SNOC, or 0-SNOC. To activate autophagy, cultures were incubated in low-serum medium (1% FBS in MEM) for 2 h prior to SNOC
exposure. For lanes 2, 3, 5, and 6, protein samples were extracted immediately after exposure to SNOC or 0-SNOC. Actin was used for Ioading
control. Quantification of conversion to LC3-Il (left) and expression level of p62 (right) at the indicated time pomts was made in >3
independent biological replicate experiments. *p < 0.05, **p < 0.01, or ***p < 0.001 vs. sham wash control at baseline, and *p < 0.05, or ##p <
0.001 vs. corresponding SNOC group by ANOVA with post-hoc Dunnett’s test. D Fluorescence confocal microscope images of H4 cells stably
expressing RFP-GFP-LC3 (RGL-H4 cells) 12 h after sham wash, or exposure to rapamycin (Rapa, 100 nM) or SNOC in the presence or absence of
Baﬁlomycin A1 (Baf-A1, 100 nM). Scale bar, 20 pm. E Quantitative analysis of RFP-GFP-LC3 puncta observed 12 h after exposure to Rapa or
SNOC in the presence or absence of Baf-A1. Quantification of the number of red-only or yellow puncta per cell (mean + SEM, n =9 different
fields taken from >3 independent blologlcal replicate experiments). ***p < 0.001 vs. red-only puncta of sham control, *p < 0.05, or M"’p <0.001
vs. yellow puncta of sham control, "'p < 0.001 vs red-only puncta of Rapa or SNOC alone, and 5%%p < 0.001 vs. yellow puncta of rapamycin or
SNOC alone by ANOVA with post-hoc Dunnett’s test. F Western blot analysis for endogenous LC3 and p62 in RGL-H4 cells. Protein samples
were prepared 12 h after the induction of autophagy triggered by incubation in low-serum medium. Quantification of conversion to LC3-II
(left) and expreSS|on levels of p62 (right) from >3 independent biological replicate experiments. *p < 0.05, **p < 0.01 or ***p < 0.001 vs. sham

wash control, and *p <0.05, or *

#p < 0.01 vs. Rapa or SNOC alone. NS: not significant by ANOVA with post-hoc Dunnett’s test.

Statistical analysis

All statistical comparisons were performed by two-tailed Student’s t-test
for single comparisons or ANOVA with an appropriate post-hoc test for
multiple comparisons as indicated in the figure legend. A p value of less
than 0.05 was considered statistically significant. A Power Analysis of our
prior data was used to determine the number of replicates needed for
statistical purposes. Data analyses were performed in a blinded fashion,
and no data were excluded.

RESULTS

RNS inhibit autophagic flux, resulting in accumulation of
protein aggregates

We used SNOC as a physiological NO donor/transnitrosylation
agent versus 0-SNOC, from which NO had been dissipated, as a
negative control. To activate autophagy, we substituted culture
medium containing 10% FBS for low-serum medium with 1% FBS
(Supplementary Fig. 1). Initially, we observed that SNOC affected
the number and size of autophagic vesicles (AV) in H4 glioma cells
stably expressing GFP-LC3 (GL-H4 cells). After 2 h, the number and
size of GFP-LC3 puncta, reflecting AV, were diminished by SNOC
compared to control (Fig. 1A, B). This result is consistent with prior
studies that showed NO inhibits AP formation [31]. However, at
later time points, e.g, 8h after exposure to SNOC, both the
number and size of GFP-LC3 puncta were markedly increased
(Fig. 1A, B). Next, to verify whether the increase in GFP-LC3 puncta
is a result of inhibition rather than induction of autophagy, we
added SNOC to cells after a 2-h incubation in low-serum medium.
In this set of experiments, we also consistently found increased
levels of LC3-Il on immunoblots at 8 h after exposure to SNOC
(Fig. 1C). Since we observed that RNS attenuated the initiation of
autophagy, it is unlikely that AV accumulation results from
promoting autophagy. Rather, we considered that RNS might
block a critical step during autophagic flux. In support of this, we
observed that p62 was maintained in immunoblots after SNOC
exposure (Fig. 1C). Here, since we activated autophagy using low-
serum medium prior to exposure to SNOC, the maintenance of the
p62 level implied that SNOC inhibited p62 degradation. Therefore,
we hypothesized that RNS play a critical role not only in the initial
stage of autophagy but also in the final decomposition process,
thereby inhibiting autophagic flux.

To verify the inhibitory effect of RNS on autophagic flux, we
used H4 glioma cells stably expressing RFP-GFP-LC3 (RGL-H4 cells)
[42]. Whereas GFP (green) fluorescence is rapidly quenched in
acidic compartments as found in lysosomes, RFP (red) fluores-
cence is more stable under these conditions. Therefore, the
presence of yellow dots (merged green and red fluorescence)

SPRINGER NATURE

signifies AP, while ‘red-only’ dots imply AL fusion between AP and
lysosomes. We found that exposure to RNS significantly enhanced
the number of AV, including both yellow dots and red-only dots
(Fig. 1D and third bar of Fig. 1E). To confirm that RNS blocked
autophagic flux, we next used Baf-A1, a chemical inhibitor of the
v-ATPase. Since Baf-A1 blocks autophagic flux by inhibiting fusion
between AP and lysosomes, AP, fluorescing yellow, accumulate
and AL, exhibiting red, disappear after Baf-A1 exposure (Fig. 1D
and fourth bar of Fig. 1E). Rapamycin, an inducer of autophagy,
significantly increased AV, and co-treatment with Baf-A1 resulted
in further accumulation of yellow dots (Fig. 1D and second and
fifth bars of Fig. 1E). However, co-exposure to SNOC and Baf-A1
did not result in accumulation of AP (yellow) or AL (red) (Fig. 1D
and fourth vs. sixth bars of Fig. 1E). This result suggests that the
RNS-induced increase in AV was due to inhibition of the
autophagic process at or downstream of AL formation rather
than activation of the initial autophagic process. Supporting this
premise, we found that SNOC failed to further increase expression
of LC3-Il and p62 when autophagy was blocked by Baf-A1 (Fig. 1F,
lanes 2 and 6). Taken together with prior evidence, RNS may
inhibit both the initiation of autophagy and later phases of
autophagy, the latter leading to accumulation of AL with the
blockade of autophagic flux.

Next, we examined whether RNS led to accumulation of protein
aggregates. For this purpose, we transiently transfected mHtt-GFP
plasmid into nNOS-HEK cells. In this assay, we used HEK cells here
because of their relatively higher transfection efficiency compared
to H4 glioma cells. Exposure to SNOC but not o-SNOC markedly
increased mHtt-GFP protein aggregates (Fig. 2A). Moreover,
addition of A23187, a Ca®>" ionophore that activates nNOS and
thus increases NO/RNS, resulted in accumulation of protein
aggregates, which was reversed by 7-NI, a NOS inhibitor (Fig. 2A).
To confirm whether RNS result in the accumulation of mutant
protein, we also performed western blot analysis after transient
transfection with mHtt-GFP, mutant A53T a-synuclein (mSyn), or
mutant P301L Tau (mTau). The A53T mutation of SNCA (the gene
encoding mSyn) and the P301L mutation of Tau are known to be
associated with PD and AD, respectively. We observed that
exposure to SNOC increased the protein levels of mHtt, mSyn, and
mTau (Fig. 2B-D). We also transiently transfected amyloid-3 (GFP-
AB1.42) plasmids into HEK cells, and observed that exposure to
SNOC increased the protein levels of GFP-AB,.4, (Fig. 2E). In GFP-
ABq.42 overexpressing cells, we also detected an increase in AR
oligomers (Fig. 2E, 6E10). These findings are consistent with the
notion that RNS inhibit autophagic flux during the later stages of
autophagy.

Cell Death & Differentiation (2022) 29:2137-2150
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S-Nitrosylation of CTSB inhibits its protease activity

Given that RNS induced accumulation of aggregated proteins,
we next examined the possibility that lysosomal function may be
regulated by RNS. Previous studies had suggested that RNS
could result in inhibition of cathepsin K (CTSK), a lysosomal
protease, thus attenuating CTSK activity, although formation of a
glutathione or sulfenic acid adduct was thought to be
responsible for this action [43]. More relevant to our study,
S-nitrosylation was reported to inhibit CTSB activity in vitro
[44, 45], and a non-catalytic cysteine residue had been identified
as a target of S-nitrosylation in CTSD in a proteomic screen [46].
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To show that RNS regulate lysosomal protease activity in our
paradigm, we studied the effect of SNOC on representative
lysosomal proteases, including CTSD, CTSB, and CTSL because
these cathepsins are thought to be primarily responsible
lysosomal protease activity in neuronal cells [47, 48]. We found
that under our conditions among this group of enzymes, only
CTSB could be S-nitrosylated (Fig. 3A and Supplementary Fig. 2).
Furthermore, CTSB enzymatic activity, but not that of CTSL or
CTSD, was significantly inhibited by SNOC (Fig. 3B-D). These
results are consistent with the notion that RNS can regulate
CTSB protease activity via S-nitrosylation.
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Fig. 2 RNS augment protein aggregates. A Fluorescence microscope image of GFP-mHtt aggregates in nNOS-HEK cells. GFP-mHtt plasmid
was transiently transfected into nNOS-HEK cells two days before drug treatment. Cells were evaluated 2 h after exposure to 200 pM SNOC or o-
SNOC, or 7 h after addition of 10 uM A23187 alone or A23187 plus 10 uM 7-Nitroindazole (7-Nl). Scale bar, 50 pm. Bar graphs represent
quantitative analysis of GFP-mHtt fluorescence intensity. The mean intensity of GFP-mHtt fluorescence was quantified in a given microscopic
field using Image J software (mean = SEM, n = 8 different fields taken from >3 independent biological replicate experiments). **p < 0.01 or
**¥» <0.001 by ANOVA with Dunnett’s test for post-hoc analysis. B Western blot analysis for accumulation of mHtt. GFP-mHtt plasmid was
transiently transfected into nNOS-HEK cells two days before drug treatment. Protein samples were prepared 2 h after sham wash (CTRL) or
exposure to SNOC or 0-SNOC, or 7 h after exposure to A23187 alone or A23187 plus 7-NI. Quantification of the GFP-mHtt level from >3
independent biological replicate experiments. *p < 0.05 or **p <0.01 by ANOVA with Dunnett’s test for post-hoc analysis. C Western blot
analysis for accumulation of mutant a-synuclein (mSyn). A plasmid encoding mt-a-synuclein was transiently transfected into nNOS-HEK cells
two days before drug treatment. Protein samples were prepared 2 h after sham wash (CTRL) or exposure to SNOC or 0-SNOC, or 7 h after
exposure to A23187 alone or A23187 plus 7-NI. Quantification of a-Syn level from >3 independent biological replicate experiments. *p < 0.05
by ANOVA with Dunnett’s test for post-hoc analysis. D Western blot analysis of accumulation of mutant tau(P301L). Tau P301L-GFP plasmid
was transiently transfected into HEK cells one day prior to exposure to SNOC. Protein samples were prepared 2 h after sham wash (CTRL), or
exposure to 200 pM SNOC or 0-SNOC. Quantification of tau P301L-GFP from >3 biological replicate experiments, *p < 0.05 by ANOVA with
Dunnett’s test for post-hoc analysis. E Western blot analysis for an accumulation of ABq_42. Apq1-4>-GFP plasmid was transiently transfected into
HEK cells two days prior to SNOC exposure. Protein samples were prepared 2 h after sham wash (CTRL), or exposure to SNOC or o-SNOC.
Quantification of APq4,-GFP or Ap;4, oligomers (6E10) from > 3 biological replicate experiments, *p <0.05 or **p <0.01 by ANOVA with
Dunnett’s test for post-hoc analysis. Oligomers were quantified by densitometry of multiple bands.
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Fig.3 SNOC regulates cathepsin B activity by S-nitrosylation. A Biotin-switch assay for detection of S-nitrosylated cathepsin B (SNO-CTSB) in
HEK293 cells. Protein samples were prepared 45 min after sham wash control (CTRL) or exposure to 200 uM SNOC or 0-SNOC. The upper bands
(43 kD) represent the pro-form of CTSB, and the lower bands (25 kD), the mature form of CTSB. The ratio of SNO-CTSB (mature form) to total
input CTSB was quantified as a fold increase in >3 independent biological replicate experiments *p < 0.05 by ANOVA with Dunnett’s test for
post-hoc analysis. B Enzyme activity assay of CTSB in HEK cells. Protein samples were prepared 45 min after sham wash control or exposure to
SNOC or 0-SNOC (n =3, *p < 0.05, **p < 0.01 or ***p < 0.001 by ANOVA with Dunnett’s test for post-hoc analysis. The specific inhibitor of CTSB,
CA-074Me, was used as a control. C Biotin-switch assay for detection of S-nitrosylated cathepsin L (SNO-CTSL) (left) and enzyme activity assay
of CTSL (right) in HEK cells. Protein samples were prepared 45 min after sham wash control (CTRL) or exposure to SNOC or 0-SNOC (n = 3, ***p
<0.001 compared to sham wash control by ANOVA with Dunnett’s test for post-hoc analysis). Specific inhibitors for CTSL were used as
controls. D Biotin-switch assay for detection of S-nitrosylated cathepsin D (SNO-CTSD) (left) and enzyme activity assay of CTSD (right) in HEK
cells. Protein samples were prepared 45 min after sham wash control (CTRL) or exposure to SNOC or 0-SNOC (n = 3, ***p < 0.001 by ANOVA
with Dunnett’s test for post-hoc analysis). Specific inhibitor for CTSD (pepstatin A) was used as control.

Chemical inhibition of CTSB mimics RNS-induced blockade of

of autophagic flux. We observed that CA-074 methyl ester (CA-
autophagic flux and resultant accumulation of protein

074Me), a specific CTSB inhibitor, significantly increased the size and

aggregates

Since we found that SNOC suppressed autophagic flux and
decreased CTSB enzymatic activity, we tested whether chemical
inhibition of CTSB could mimic the effect of RNS-induced inhibition

SPRINGER NATURE

number of GFP-LC3 puncta compared to control in GL-H4 cells
(Fig. 4A, B). Similar to the effect of SNOC, CA-074Me also increased
LC3-Il conversion, p62 levels (Fig. 4C), and LC3 puncta in RFP-GFP-
LC3 overexpressing H4 cells (Fig. 4D). RFP-GFP-LC3 analyses further

Cell Death & Differentiation (2022) 29:2137-2150
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revealed that CA-074Me increased both yellow and red dots due to
inhibition of lysosomal function, which occurs after fusion of AP and
lysosomes. In contrast, inhibition of autophagic flux at the fusion
stage using Baf-A1 significantly increased yellow APs in cells
exposed to CA-074Me (Fig. 4D). Moreover, Baf-A1 did not further
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increase LC3-Il and p62 levels in cells exposed to CA-074A (Fig. 4E).
These results are consistent with the notion that Baf-A1 blocks
autophagic flux upstream of CA-074Me-mediated lysosomal inhibi-
tion. Additionally, CAO74-Me markedly increased mHtt-GFP protein
aggregates (Fig. 4F). Exposure to CA-074Me also increased the level
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Fig. 4 The CTSB inhibitor, CA-074Me, inhibits autophagic flux mimicking the effect of RNS. A Fluorescence confocal microscope image of
GL-H4 cells 12 h after sham wash (CTRL) or exposure to 20 uM CA-074Me. Scale bar, 20 pm. B Quantitative analysis of GFP-LC3 puncta
observed 12 h after CA-074Me treatment. Mean size (left) and number (right) of GFP-LC3 puncta per cell in a given microscopic field were
quantified (mean +SEM, n=7 different fields taken from >4 independent biological replicate experiments). ***p < 0.001 by two-tailed
Student’s t-test. C Western blot analysis of LC3, and p62 in GL-H4 cells. Protein samples were prepared at the indicated time points after sham
wash (CTRL) or exposure to 20 pM CA-074Me. Quantification of LC3-Il (left) and p62 (right) at the indicated time points in > 3 independent
biological replicate experiments. *p < 0.05 or ***p < 0.001 vs. 0 h sham wash control, and *p < 0.05 or *p <0.01 vs. sham wash control of the
same time point by ANOVA with post-hoc Dunnett’s test. D Fluorescence confocal microscope image of RGL-H4 cells. CA-074Me exposure for
12 h. scale bar, 20 pm. Quantification of mean number of red-only or yellow puncta per cell in a given microscopic field (mean £ SEM, n=9
different fields taken from >3 independent biological replicate experiments). ***p < 0,001 vs. red-only puncta of control, *p <0.05 or #*p <
0.001 vs. yellow puncta of control, "'p < 0.001 vs. red-only puncta of CA-074Me, and %5%p < 0.001 vs. yellow puncta of CA-074Me by ANOVA
with post-hoc Dunnett’s test. E Western blot analysis for endogenous LC3 and p62 in RGL-H4 cells. Protein samples were prepared 12 h after
exposure to sham wash or CA-074Me in the presence or absence of Bafilomycin A1 (Baf-A1). Quantification of conversion to LC3-Il (left) and
expression level of p62 (right) at 12 h was made in 23 independent biological replicate experiments. *p < 0.05, or ***p < 0.001 vs. sham wash
control by ANOVA with Dunnett’s test for post-hoc analysis. F Fluorescence microscope image of GFP-mHtt aggregates in nNOS-HEK cells.
nNOS-HEK cells transiently transfected with GFP-mHtt plasmid were exposed to 20 pM CA-074Me for 12 h. Scale bar, 200 pm. Mean intensity of
GFP-mHTtt in a given microscopic field was quantified using Image J software (mean + SEM, n = 8 different photographic images in at least
three independent experiments). ***p < 0.001 by two-tailed Student’s t-test. G, H Western blot analysis of accumulation of mHtt (G) and mt-a-
synuclein (H). GFP-mHtt or mt-a-synuclein plasmid was transiently transfected into nNOS-HEK cells two days prior to drug treatment. Protein
samples were prepared 12 h after sham wash (CTRL) or exposure to CA-074Me. Quantification of GFP-mHtt and mt-a-synuclein levels in >3

independent biological replicate experiments. *p < 0.05 or **P < 0.01 by two-tailed Student’s t-test.

of mHtt and mSyn on immunoblots (Fig. 4G, H). Therefore, this
series of experiments show that chemical inhibition of CTSB mimics
the effect of RNS on autophagic flux and protein levels.

Chemical inhibition of CTSB induces apoptotic neuronal cell
death in mouse cerebrocortical cultures

Prior publications showed that cytoplasmic CTSB can activate
caspase-3, inducing caspase-dependent apoptosis [49-51]. CTSB
has also been reported to act as a candidate (3-secretase, leading to
an increase in amyloid- peptide (ABq.40 or AB1.42) [52-54]. Since we
found that SNOC inhibited CTSB and autophagic flux, we next
examined whether inhibition of CTSB affects cell survival in mouse
cortical neuronal cultures. Inhibition of CTSB with CA-074Me
increased neuronal cell death (Fig. 5). ZVAD, a pan-inhibitor of
caspases, significantly attenuated CA-074Me-induced cell death
(Fig. 5A and B). Additionally, prior studies have demonstrated that
apoptotic pathways in post-mitotic cells such as neurons require de
novo synthesis of pro-apoptotic proteins [55-57]. Accordingly, we
found that CHX, a chemical inhibitor of protein synthesis, also
markedly reduced cell death, whereas Trolox, an antioxidant, had no
effectin this system (Fig. 5A, B). Moreover, activation of caspase-3 by
CA-074Me was almost entirely blocked by CHX or zZVAD but not by
Trolox (Fig. 5C). Notably, the same concentration of SNOC that
induced S-nitrosylation of CTSB and blocked autophagic flux (Figs. 1
and 3) also triggered neuronal cell death (Fig. 5D) [58-62]. Thus,
these results are consistent with the notion that chemical or RNS-
mediated inhibition of CTSB contributes to neuronal cell death.

Three free cysteine residues in CTSB are candidate sites for
S-nitrosylation
Next, we investigated the cysteine residues of CTSB that may be
candidate sites for S-nitrosylation. CTSB is synthesized as a pre-
proenzyme, consisting of 339 amino-acid residues [63-65]. Among
them, 17 amino acids represent a signal peptide, and 62 amino
acids are located in a pro-domain that is removed in the mature
form of CTSB [65]. Three cysteines residues not participating in
disulfide bond formation were of particular interest to us as
candidate sites for S-nitrosylation (Fig. 6A)-—one of these cysteine
residues is located in the pro-domain (p) of CTSB at residue Cp42,
another, at C29, is critical for enzymatic action [65, 66], while the
third, C240, is located at a regulatory site for CTSB dimer interaction
[65]. We substituted these cysteines for alanines and found that the
ratio of SNO-CTSB/total input CTSB was affected by all three of these
cysteine residues, as assessed with biotin-switch assay (Fig. 6B).
Active CTSB induces cleavage of its pro-form. Therefore,
catalytically inactive mutant CTSB (C29A), which abrogates
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protease function, would be expected to maintain high levels of
the pro-form [67]. Also, since the pro-form of CTSB displays a
greater degree of stability than the active form, expression of
mutant CTSB (C29A) would be expected to foster high expression
of the pro-form (Figs. 6B, C). Given that none of our individual
mutants totally blocked S-nitrosylation, we next made double
mutations (Cp42A/C29A, C29A/C240A, and Cp42A/C240A). In the
double amino-acid mutants, S-nitrosylation was still present
(Fig. 6B). However, the triple amino-acid mutation (Cp42A/C29A/
C240A) rendered S-nitrosylation undetectable (Fig. 6B). Taken
together, these results are consistent with the notion that all three
of these cysteine residues can be S-nitrosylated at least to some
degree.

Next, we examined the effects of these mutants on CTSB
activity. Overexpression of Cp42A, C240A, or WT CTSB showed
~800% increase in CTSB activity over endogenous activity (Fig. 6C).
After exposure to SNOC, CTSB activity for each of these three
overexpressed constructs (or the combination of Cp42A/C240A)
decreased 10-30% (Fig. 6C, D). In contrast, overexpression of any
combination of mutants containing the active site mutation C29A
inhibited CTSB activity back down to the endogenous level (as
expected, since these cells also contained endogenous, non-
mutated CTSB) (Fig. 6C). Interestingly, Cp42A, C240A, and Cp42A/
C240A mutant CTSB manifested decreased activity compared to
WT CTSB, and SNOC attenuated this activity by an additional
~30% (Fig. 6D). Taken together, these findings suggest that C240
and Cp42 are important in allosterically regulating CTSB enzyme
activity and S-nitrosylation of these sites can modulate this
activity. Moreover, these results are consistent with the notion that
S-nitrosylation of the active site cysteine (C29) plays a role in RNS-
dependent inhibition of CTSB activity.

Brains of 5X FAD mice exhibit an increase in SNO-CTSB and
decrease in CTSB activity

Prior work has shown that oxidative and nitrosative stress are
increased and autophagic flux inhibited in several neurodegen-
erative diseases, including AD, PD, and HD. Therefore, we
investigated whether S-nitrosylation of CTSB and resultant
attenuation of enzyme activity would occur in the brains of
transgenic AD mice. Biotin-switch assays of 6-month-old 5XFAD
mouse brain revealed a significant increase in S-nitrosylation,
particularly of the active form of CTSB (Fig. 7A, B). CTSB activity
was also reduced by 47 + 0.4% in 5XFAD mouse brain (Fig. 7C). We
also confirmed the accumulation of AP oligomers, phospho-tau
(S214 and S404), and Tau in 5XFAD mice brains (Fig. 7D).
Collectively, our results are consistent with the notion that

Cell Death & Differentiation (2022) 29:2137-2150



K.-R. Kim et al.

+CA-074Me

Trolox

CTRL

CHX zVAD

80 - 100- 3 A0
I ®©
= -1 = = — b 2 =1
5 60 - 53 8 g ol T
0 € St L 404
2§ 404 2 S 601 g 401 <
g2 £¢ : T
2 g 204 " B3R 401 5 20
(g L 8_ (g =] *x
S 0 B < 90 *kk kkk F 0 I__I__I
| — T O
-20 1 1 1 1 0 1 1 ] ] & _20 1 1 1 1
@Q} @Q) i @QJ_\_ QJQ @Q) @Q) N @QJ_\_ @Q)Q @QJ @Q) A ®Q)_\_ @QQ
™ O e ™ 2 D D W W e W
& SIS OF & SE ST O SEROCRSIS Y
QV" 0?“ x Q?“ C)Y. X O?“ QV" x OV“ O X C)?* OV" % 0?“ QV' X
C +CA-074Me D 5 g0
(7]
Fokk
N\ \0* N O (i’“
< S s 60 - =
il
D —> A Cospase-3 g
= 40 -
=
17kD —> e — Cleaved Caspase-3 3 -
2 5
o)
43kD — — S S S s A\ Ctin O i
3 T T
CTRL SNOC

Fig. 5 CTSB inhibition induces neuronal cell apoptosis in mouse cerebrocortical cultures. A Microscopic images of propidium iodide (PI)-
positive dead cells (upper) and Hoechst 33258-stained total nuclei (lower) in mouse cerebrocortical cultures 18 h after the addition of 20 yM
CA-074Me in the presence or absence of 100 uM Trolox, 1 ug/ml cycloheximide (CHX), or 100 uM zVAD. CA-074Me markedly increased PI-
positive dead cells and Hoechst stain revealed their condensed nuclei. Arrowheads indicate typical morphology of small, bright nuclei of
apoptotic cells. The scale bar of Pl images is 100 pm, and Hoechst 33258 is 25 um. B Quantification of Pl-positive dead cells (left), Hoechst
33258-stained condensed apoptotic nuclei (middle), and LDH release (right) 18 h after the addition of CA-074Me in the presence or absence of
Trolox, cycloheximide, or zZVAD to mouse cerebrocortical cultures (mean + SEM, n = 3 cultures), *p < 0.05, **p < 0.01, or ***p < 0.001 by ANOVA
with post-hoc Dunnett’s test. CHX and zVAD decreased nuclear pyknosis induced by CA-074Me, whereas Trolox did not affect CA-074Me-
induced apoptotic neuronal cell death. C Western blot analysis for cleaved/active caspase-3 in mouse cerebrocortical cultures. Protein samples
were prepared 18 h after sham wash (CTRL) or exposure to 20 uM CA-074Me in the presence or absence of Trolox, CHX, or zZVAD. CA-074Me
induced caspase-3 activation, which was markedly attenuated by CHX or zVAD, but not by Trolox. D Quantification of LDH release resulting
from neuronal cell death 9 h after exposure to SNOC (mean + SEM, n =3 cultures), ***p < 0.001 by two-tailed Student’s t-test.

CTSB in human AD brain, expressed as the ratio of SNO-CTSB/total
input CTSB, was similar or greater than that found in our AD
mouse brain models (viz. Figures 7E-B), confirming the patho-
physiological relevance of our findings using these model systems.

S-nitrosylation of CTSB increases the level of misfolded proteins at
least in part due to inhibition of CTSB and autophagic flux.

Increase in SNO-CTSB in human AD patient brains
Next, we examined whether S-nitrosylation of CTSB was also
present in human AD patient brains. Compared to control human

brains, AD patient brains manifested a significant increase in DISCUSSION

S-nitrosylation of CTSB by biotin-switch assay (Fig. 7E; Supple-
mentary Table 1). Importantly, the relative level of S-nitrosylated

Cell Death & Differentiation (2022) 29:2137 -2150

In this study, we present evidence that RNS contribute to aberrant
protein accumulation in neurodegenerative diseases such as AD,
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PD, and HD via S-nitrosylation of CTSB and consequent inhibition
of autophagic flux. Initially, we found that the addition of the
exogenous NO donor and transnitrosylating agent SNOC
decreased autophagy both at an initial step (as previously shown)
and also later in the process after the autophagosome/lysosome
fusion step, resulting in inhibition of autophagic flux (as
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demonstrated for the first time here). As evidence of a decrease
in the initiation of autophagy, we observed a decrease of GFP-LC3
puncta and LC3-Il conversion within 2 h after exposure to SNOC
and low-serum medium conditions. However, at later time points,
up to 8 h post SNOC exposure, we observed an increase in GFP-
LC3 puncta, LC3-ll, and p62 protein levels. Moreover, we saw a
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Fig. 6 S-Nitrosylated cysteine residues of CTSB. A Crystal structures of the active-mature form (top; PDBID: THUC) and pro-form (bottom;
PDBID: 1PBH) of CTSB. The side chains of the three free cysteine residues (C29, C240, and Cp42) that do not form structural disulfide bonds are
circled. B Biotin-switch assay of CTSB mutants in HEK cells. Seven different CTSB cysteine mutants were transiently transfected into HEK cells
two days prior to sham wash or exposure to SNOGC; 45 min later, cells were lysed for analysis via biotin-switch assay. The ratio of SNO-CTSB to
total input CTSB, including both pro- and mature forms, was quantified as fold increase in >3 independent biological replicate experiments.
*p < 0.05, **p < 0.01, or **p < 0.001 by ANOVA with post-hoc Dunnett’s test. C CTSB enzymatic activity (left graphs) and expression levels (right
western blot) of CTSB mutants in HEK cells. Seven different cysteine mutants were transiently transfected into HEK cells two days prior to
exposure to 200 yM SNOC; 45 min later protein samples were prepared for CTSB enzymatic assay (n =3 independent biological replicate
experiments, *p < 0.05, **p <0.01, or ***p <0.001 compared to sham wash control). V5 antibody was used to monitor exogenous CTSB
expression levels. D Normalization of enzymatic activity of non-catalytic CTSB Cys mutants to their expression levels. ***p < 0.001 compared to
sham wash control of WT, and *p <0.01 or *¥p <0.001 vs. sham wash control of the corresponding mutant by ANOVA with post-hoc
Dunnett’s test.
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Fig. 7 S-Nitrosylation and enzymatic inhibition of CTSB in 5X FAD mouse and human AD brains. A Biotin-switch assay for CTSB in mouse
brains. Protein samples were prepared from the cerebrocortices of wild-type (WT) and 5XFAD littermate mice. B Bars depict fold increase in
relative S-nitrosylated CTSB in 5XFAD mice brains vs. WT (=3 biological replicates, *p < 0.05 by Student’s t-test). Both the pro- and mature
forms of CTSB were used for quantification. C CTSB enzymatic activity in WT and 5XFAD mouse brains. Protein samples were prepared from
the cerebrocortices of WT and 5XFAD mice (n = 4 biological replicates, **p < 0.01 compared to WT mice (CTRL) by Student'’s t-test). D Western
blot analysis of AP oligomers, p-tau (S214, or S404), and tau in WT and 5XFAD mouse brains. Protein samples were prepared from
cerebrocortices of WT and 5XFAD littermate mice. E Biotin-switch assay for CTSB was performed on human and control postmortem brains.
Graph depicts fold increase in relative SNO-CTSB in human AD brain compared to Controls (n =5 brains each for AD and Controls tested in >3
biological replicate experiments, ***p <0.001 by two-tailed Student’s t-test). Both the pro- and mature forms of CTSB were used for
quantification.
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dramatic increase in RFP red fluorescence after exposure to SNOC
in  RFP-GFP-LC3 overexpressing cells, suggesting that RNS
inhibited lysosomal function. Further along these lines, while co-
exposure to rapamycin and Baf-A1 significantly increased LC3-II
levels compared to Baf-Al alone (Fig. 1F, lanes 2 and 4), incubation
in both SNOC and Baf-A1 did not increase LC3-ll levels on
immunoblots (Fig. 1F, lanes 2 and 6). These findings are consistent
with the notion that excessive RNS, rather than inducing
autophagy, caused inhibition of autophagic flux at a step distal
to fusion of the autophagosome and lysosome.

Additionally, exposure to SNOC and Baf-A1 resulted in a
significant decrease in the number of LC3 puncta compared to
exposure to SNOC alone (Fig. 1D, E, third and sixth histogram
bars). Nonetheless, LC3-Il levels were increased under both of
these conditions (Fig. 1F, lanes 5 and 6). Note in Fig. 1D, E, there
were far more red puncta (signifying AL/AP fusion) after SNOC
exposure, while the addition of Baf-A1 resulted in more yellow
puncta (indicating inhibition of autophagic flux at the AP/AL
fusion step). An increase in LC3-Il levels by itself, as others have
shown [68] and as monitored in Fig. 1F, cannot distinguish
between inhibition of AL/AP fusion and inhibition of lysosomal
function. Importantly, p62 protein levels, which measure autop-
hagic flux more reliably than LC3-ll expression, remained
unaltered after simultaneous exposure to SNOC and Baf-Al
compared to the group treated with Baf-A1 alone (Fig. 1F, lanes
2 and 6), consistent with the notion that SNOC had already
inhibited autophagic flux. As further evidence for this, we also
observed that SNOC exposure led to an increase in aggregated
protein complexes, including mHtt, mSyn, mTau, and AB;_4,.

As a potential mechanism for inhibition of autophagic flux by
RNS, we focused on lysosomal dysfunction. We found that
S-nitrosylation of CTSB resulted in inhibition of its enzymatic
activity. Moreover, the specific CTSB chemical inhibitor, CA-074Me,
also blocked autophagic flux, mimicking exposure to SNOC.
Finally, we observed an increase in S-nitrosylated CTSB and a
decrease in CTSB activity in vivo in the 5XFAD transgenic mouse
model of AD and in human AD brains. Collectively, these findings
suggest that S-nitrosylation of CTSB inhibits autophagic flux and
lysosomal degradative function, thus potentially contributing to
the pathogenesis of neurodegenerative disorders such as AD.
Additionally, we have recently shown that S-nitrosylation of p62
may also contribute to inhibition of autophagic flux under these
conditions [69]. While previous studies had focused on the
inhibitory mechanism by RNS at the initiation of autophagy [31],
we now show that RNS can also inhibit autophagic flux at later
stages of the process through regulation of lysosomal activity.

A prior study using quantitative proteomic methods suggested
that a specific cysteine residue in CTSD could undergo protein
S-nitrosylation after exposure to the transnitrosylating agent
S-nitrosoglutathione [46]. In contrast, under our conditions, we
did not observe S-nitrosylation of CTSD or inhibition of its
enzymatic activity after exposure to SNOC (Fig. 3D). The
discrepancy in these results may have arisen for several reasons.
First, both different RNS and cell types were used. Second, mass
spectrometry detection of S-nitrosylated peptides may have
detected very low levels of SNO-CTSD [46], lower than that
observed by biotin-switch assay. While evidence for SNO-CTSD
was also presented by biotin-switch assay, this only occurred in
HEK293T cells overexpressing CTSD rather than for endogenous
CTSD, as studied in our experiments. Taken together, the disparate
findings are consistent with the difference in detection being due
to the level of sensitivity of the various assays.

In the present study, we report that three cysteine residues in
CTSB can undergo S-nitrosylation to affect enzyme activity. In toto,
CTSB has 15 cysteines, but 12 of these participate in disulfide bond
formation, and only 3 have free thiols/thiolate anions with the
potential of being regulated by S-nitrosylation [65, 66]. Among
these, C29 is an essential cysteine for catalytic activity and is
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located at the active site. In fact, when C29 was substituted with
alanine and transfected into cells, we could detect only
endogenous CTSB activity, as expected.

In the biotin-switch assay, the double cysteine mutant CTSB
(Cp42A/C240A) still manifested an increase in S-nitrosylation
after exposure to SNOGC, although this level was lower than that
of WT CTSB. To totally eliminate S-nitrosylation of CTSB, three
cysteine residues had to be mutated (Cp42A/C29A/C240A).
Coupled with our CTSB activity assays, our data indicate that
S-nitrosylation of active site C29 inhibited CTSB enzymatic
activity, while S-nitrosylation of the other cysteine sites
modulated this activity.

Prior studies have reported that activation of CTSB can
contribute to apoptosis by inducing caspase-3 activity but other
pathways were also invoked [70]. In the present study, we
examined whether inhibition of CTSB alone could induce neuronal
cell death. In mouse cerebrocortical neurons, after treatment with
CA-074Me, a specific chemical inhibitor of CTSB, we observed
typical apoptotic morphology and caspase-3 activation. The
addition of the pan-caspase inhibitor, ZVAD, or a protein synthesis
inhibitor, CHX, nearly totally abrogated neuronal cell death. These
results are consistent with the notion that inhibition of CTSB in
neurons can induce caspase-mediated apoptosis and suggest that
this pathway may occur in neurodegenerative disorders such as
AD in which CTSB is inhibited by protein S-nitrosylation.

In conclusion, we observed an increase in S-nitrosylation and a
consequent decrease in activity of CTSB in cell-based as well as in the
5XFAD transgenic mouse model of AD. Moreover, the relative level of
SNO-CTSB was found to be similar in human AD patient brains as in
these model systems, implying that our findings could contribute to
inhibition of autophagic flux, accumulation of aberrant/misfolded
proteins, and thus progression of neurodegenerative disorders such
as AD in the human brain. These findings may also have therapeutic
implications, as prevention of S-nitrosylation of CTSB and its resulting
enzymatic inhibition would be expected to enhance autophagic
function and therefore clearance of misfolded proteins.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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